Abstract Rhesus monkeys provide a valuable model for studying the basis of cognitive aging because they are vulnerable to age-related decline in executive function and memory in a manner similar to humans. Some of the behavioral tasks sensitive to the effects of aging are the delayed response working memory test, recognition memory tests including the delayed nonmatching-to-sample and the delayed recognition span task, and tests of executive function including reversal learning and conceptual set-shifting task. Much effort has been directed toward discovering the neurobiological parameters that are coupled to individual differences in age-related cognitive decline. Area 46 of the dorsolateral prefrontal cortex (dlPFC) has been extensively studied for its critical role in executive function while the hippocampus and related cortical regions have been a major target of research for memory function. Some of the key age-related changes in area 46 include decreases in volume, microcolumn strength, synapse density, and α1-and α2-adrenergic receptor binding densities. All of these measures significantly correlate with cognitive scores. Interestingly, the critical synaptic subtypes associated with cognitive function appear to be different between the dlPFC and the hippocampus. For example, the dendritic spine subtype most critical to task acquisition and vulnerable to aging in area 46 is the thin spine, whereas in the dentate gyrus, the density of AGE (2012) large mushroom spines with perforated synapses correlates with memory performance. This review summarizes age-related changes in anatomical, neuronal, and synaptic parameters within brain areas implicated in cognition and whether these changes are associated with cognitive decline.
Introduction
Identification of the neurobiological mechanisms underlying age-related cognitive decline has been the subject of intense investigation. Rhesus monkeys are an ideal animal model for studying normal aging for many reasons: (1) their brain anatomy closely resembles that of humans, (2) they are vulnerable to age-related cognitive decline, (3) they can perform cognitive tests similar to those administered to humans, and (4) they do not develop neurodegenerative disorders such as Alzheimer's disease Gearing et al. 1996; Petrides and Pandya 1999; Kimura et al. 2003; Nagahara et al. 2010) .
Executive function, including cognitive flexibility, cognitive tracking, set maintenance, divided attention, and working memory, is a cognitive domain impaired in aged monkeys and humans and is thought to be one of the first functions to decline with age (Rapp and Amaral 1989; Moore et al. 2006 ). Recognition memory is another function that is vulnerable to the effects of aging. As in humans, some monkeys age successfully, while others show age-related cognitive decline (Rapp and Amaral 1991) . In the last two decades, quantitative neuroanatomical and molecular studies in behaviorally characterized young and aged monkeys have emerged in search of parameters that are coupled to individual differences in age-related cognitive decline. Area 46 of the dorsolateral prefrontal cortex (dlPFC) has been extensively examined for its critical role in executive function while the medial temporal lobe system including the hippocampus and related cortical areas has been the main target of research for memory function. This article will review the age-related changes (or lack thereof) in anatomical, neuronal (morphological and electrophysiological), synaptic, and molecular parameters within these brain areas and whether these changes are associated with cognitive decline.
Nonhuman primate as a model of aging
Rhesus monkeys (Macaca mulatta) are the most widely used nonhuman primate for studies of normal aging. The maximal lifespan of a rhesus monkey is 35 to 40 years of age, and the average life span of captive rhesus monkeys is under 25 years (Tigges et al. 1988) . Although human age equivalence can be roughly estimated at 1:3 (Tigges et al. 1988 ), the ratio is not uniform across every stage of development (Voytko and Tinkler 2004) . For example, menopause occurs by 27 years old, which is very late in life relative to humans Walker and Herndon 2008) .
The major advantage of using rhesus monkeys as a model of cognitive aging is that we can assess the same rich repertoire of cognitive capacities in humans using the same or similar cognitive tests Nagahara et al. 2010) . Age-related cognitive decline begins as early as the late teens in rhesus monkeys, although as in humans, some aged monkeys are resistant to the decline and exhibit cognitive abilities similar to those of young adults (Presty et al. 1987; Bachevalier et al. 1991; Rapp and Amaral 1991; Peters et al. 1996) . Additionally, not all functional abilities are affected equally within an individual aged monkey (Voytko 1999) . Some of the key cognitive measures vulnerable to age-related decline are discussed in the section below.
Another advantage of using rhesus monkeys in aging studies is that although they can accumulate some senile plaques, they do not develop the neuropathological symptoms of Alzheimer's disease (Gearing et al. 1996; Peters et al. 1999; Kimura et al. 2003) . Thus, differences observed between young and aged subjects can be generally attributed to normal aging without the confounding factors inherent to neurodegenerative diseases. In addition, experimental protocols can be made consistent to limit artifacts that affect morphology of brain specimens. Human postmortem studies, on the other hand, often include specimens of varied postmortem intervals that can affect morphological measures.
Cognitive measures vulnerable to age-related decline

Delayed response
Working memory is a type of memory that is active and relevant for a short period of time (GoldmanRakic 1995) . Delayed response (DR) is a spatial working memory test in which the subject has to remember the spatial location of a previously cued object through a delay period (Fig. 1) . Aged monkeys require more trials to acquire this task, and they perform significantly and disproportionately worse at longer delay intervals compared to young monkeys (Bartus et al. 1978; Rapp and Amaral 1989; Bachevalier et al. 1991; Voytko and Tinkler 2004) .
Area 46 of the dlPFC has complex connections with somatosensory, visual, visuomotor, motor, and limbic systems and plays an important role in the mediation of executive functions, including working memory (reviewed in . Lesion studies have shown that area 46 is critical for performance on DR (Funahashi et al. 1993 ). Many neurons within area 46 show persistent spatially-tuned firing during the delay period of the DR test, and the "memory field" generated by these neurons is thought to be the cellular basis for working memory (Funahashi et al. 1989; Goldman-Rakic 1995) .
In addition to the dlPFC, the medial temporal lobe also plays a role in working memory. During working memory tasks, glucose utilization in the hippocampal dentate gyrus (DG) and CA1 is significantly increased (Friedman and Goldman-Rakic 1988) , and DR delay accuracy correlates with hippocampal glucose metabolism (Eberling et al. 1997) . Additionally, lesions involving the medial temporal lobe structures cause deficits on DR delay accuracy in rhesus monkeys (Zola-Morgan and Squire 1985) . Thus, multiple brain regions likely contribute to working memory and alterations in one or more of these regions may result in DR deficits observed in aged monkeys.
Delayed nonmatching-to-sample
Another cognitive test that is sensitive to the effects of aging is delayed nonmatching-to-sample (DNMS), which is a well-characterized visual recognition memory test (Presty et al. 1987; Moss et al. 1988; Rapp and Amaral 1989) . In DNMS, a monkey is presented with a sample object, and after a delay interval, the monkey is required to pick a novel object when presented together with the sample object ( Fig. 1) . Aged monkeys show impairment on both the task acquisition and delay performance (Presty et al. 1987; Moss et al. 1988; Shamy et al. 2006) . Although both DNMS and DR are vulnerable to agerelated decline, subjects impaired on one test are not necessarily impaired on the other (Rapp and Amaral 1989; Dumitriu et al. 2010) , suggesting that aging may affect recognition memory and working memory independently.
While controversy remains about the role of the hippocampus proper on recognition memory (Murray and Mishkin 1998) , some lesion studies have reported that damage limited to the hippocampal region produces a significant and long-lasting impairment in DNMS delay performance (Zola-Morgan et al. 1994; Alvarez et al. 1995; Beason-Held et al. 1999) . Furthermore, when the lesion is extended to the adjacent parahippocampal and perirhinal cortices in monkeys, the memory impairment is more severe (Zola-Morgan et al. 1989 Alvarez et al. 1995) . These findings are consistent with clinical cases, where memory impairment is seen in a patient after a lesion limited to the hippocampal CA1 (ZolaMorgan et al. 1986 ), but more pronounced memory deficits are observed in patients with larger lesions within the medial temporal lobe (Corkin 1984) .
In addition, ventromedial PFC (vmPFC; including areas 13, 14, 24, 25, 10, and 11) lesions also produce significant deficits in DNMS delay performance (Bachevalier and Mishkin 1986) . The rule learning aspect of DNMS, however, appears to be dependent upon the integrity of the dlPFC (Peters et al. 1998a (Peters et al. , 2008 Dumitriu et al. 2010; Shamy et al. 2010 ).
Delayed recognition span task
Delayed recognition span task (DRST) assesses shortterm recognition memory. The task requires the subject to identify a novel stimulus among an increasing array of previously presented stimuli (Fig. 1) . Different versions of this task can be administered by altering the material, space, color, or pattern of the stimulus. Because this test requires the subject to hold in memory an increasing number of stimuli, it is also considered a memory loading task Fig. 1 Schematic diagrams illustrating the cognitive tests sensitive to aging. DR is a spatial working memory test in which the subject has to remember the spatial location of a cued object through a delay period (during which an opaque screen hides the stimulus tray). In DNMS test of visual recognition memory, the subject is presented with a sample object, and after a delay interval, the subject must choose the novel object when presented together with the sample object. The spatial version of DRST assesses recognition and spatial working memory and requires the subject to identify a novel stimulus among an increasing array of previously presented stimuli. Discrimination RL is used to measure set-shifting ability, a component of executive function. Illustrated is the pattern version of discrimination RL, in which the subject learns to associate one of the patterns (N) with reward. After the subject achieves the accuracy criterion, discrimination reversal is initiated where the previously unrewarded stimulus (W) becomes the rewarded stimulus. CSST assesses executive functions such as abstraction and set-shifting. In CSST, the subject is rewarded when choosing the correct color (red), regardless of shape. After the subject chooses the correct stimulus consecutively, the rewarded stimulus is switched to a specific shape (triangle), regardless of color. ITI inter-trial interval, + rewarded stimulus, − unrewarded stimulus . This test has been used in Alzheimer's disease patients as well as in healthy, high-functioning elderly people to assess memory function (Inouye et al. 1993; Moss et al. 1986) .
Aged monkeys are impaired on the spatial and color versions of DRST and make more perseverative errors (choosing the previously correct disk) than young adults . While the recognition memory aspect of DRST may be dependent on the medial temporal lobe system, the spatial working memory required for the spatial version of DRST has been linked to morphological alterations in the dlPFC (Peters et al. 1998a; Buckmaster et al. 2004; Cruz et al. 2004 ).
Reversal learning
Reversal learning (RL) paradigms can be used to investigate executive function in aged monkeys. RL requires the subject to respond to a change in reinforcement contingencies by unlearning the initial learned stimulus-reinforcement pair and then shifting to a new pair (Fig. 1) . Performance on RL tasks is used as a measure of set-shifting ability (ability to shift problem-solving strategies), which is a gauge for cognitive flexibility.
Aged monkeys show no deficits in learning discrimination tasks but are significantly impaired in color, pattern, spatial, and object RL and exhibit enhanced perseverative tendencies (choosing an incorrect stimulus that would have been correct under the previous response contingency) compared to young monkeys (Bartus et al. 1979; Lai et al. 1995; Voytko 1999) . Together, these studies suggest that aged monkeys are more rigid in their behavior and may be more susceptible to proactive interference (Bartus et al. 1979; Voytko 1999) . Although some other studies have shown a lack of age-related impairment in RL, prior exposure to complex behavioral tasks or utilization of alternate strategies may have compensated for an underlying deficit on reversal performance (Rapp 1990) .
Lesion studies in monkeys suggest that the ventromedial-orbital PFC and the striatum play an important role in RL tasks (Divac et al. 1967; McEnaney and Butter 1969; Iversen and Mishkin 1970) . Human subjects with ventromedial frontal damage also exhibit impaired RL and the size of the orbitofrontal cortical lesion correlates with reversal errors (Fellows and Farah 2003) . Furthermore, an imaging study in human subjects revealed that RL tasks activate the caudate nucleus and the orbitofrontal cortex (Rogers et al. 2000) . Together, these studies suggest that the corticostriatal circuits may be engaged in the acquisition of stimulus-reinforcement associations (Rogers et al. 2000) .
Conceptual set-shifting task
Conceptual set-shifting task (CSST) was developed to assess executive functions such as abstraction, concept formation, and set-shifting in monkeys in a way similar to the Wisconsin Card Sorting Test (WCST) used in human subjects (Haaland et al. 1987; Fristoe et al. 1997; Moore et al. 2005) . On each trial of CSST, the subject is presented with stimuli that vary in shape and color (Fig. 1) . During the first concept condition, the subject is rewarded when choosing the correct color, regardless of shape. Once the subject chooses the correct stimulus consecutively, the rewarded stimulus is switched to a specific shape, regardless of color.
Middle-aged (12-19 years old) and aged monkeys (20+ years old) are significantly impaired in set-shifting, as measured by the acquisition and performance on the CSST, and exhibit increased perseveration as compared to young adults (Moore et al. 2005 (Moore et al. , 2006 . These studies are consistent with a study in human subjects demonstrating a marked increase in perseverative errors on the WCST by middle age (Rhodes 2004) .
Marmosets with lesions in the prefrontal cortex show significant impairments in set-shifting tasks (Dias et al. 1996) . In human subjects, a similar setshifting task activates several PFC areas including the dlPFC (areas 9/46), medial frontal gyrus (area 10), and middle frontal gyrus (area 8) (Rogers et al. 2000) . Thus, neurobiological changes in the dlPFC (including areas 46 and 9) are thought to underlie the agerelated impairment on the CSST in monkeys (Moore et al. 2005 (Moore et al. , 2006 .
PFC and its relationship with aging and cognitive decline
PFC gross anatomy
While an earlier stereological study failed to detect an effect of age on the volume of area 46 in the PFC of monkeys (O'Donnell et al. 1999 ), a recent magnetic resonance imaging (MRI) study that is unconfounded by variables such as shrinkage (due to perfusion and histological processing) revealed an age-related decrease in area 46 volume (Shamy et al. 2010) . In addition, the decrease in area 46 volume correlates with the decline in recognition memory, as measured by DNMS acquisition and average accuracy (Shamy et al. 2010) . The age-related decrease in area 46 volume may be partially due to the thinning of area 46 layer I thickness, which is also associated with lower DNMS delay accuracy (Peters et al. 1998a) . While layer I of area 17 (primary visual cortex) also becomes thinner with age, there is no correlation between its thickness and cognitive scores (Peters et al. 2001) . The absence of a relationship between area 17 layer I thickness and cognition is not surprising because area 17 is primarily involved in vision and is not considered to play a key role in cognition (Peters et al. 2001) .
Anterior cingulate cortex (ACC; areas 24 and 32) is another PFC region whose volume decreases with age and this decrease is coupled to slower DNMS acquisition (Shamy et al. 2010) . While the volumes of superior frontal gyrus (SFG; areas 9 and 8B), inferior frontal gyrus (IFG; areas 12, 45, and 47), and the vmPFC (areas 11, 13, and 14) remain unchanged with aging, IFG volume inversely correlates with DNMS acquisition (trials to criterion) while SFG and vmPFC volumes positively correlate with DNMS average accuracy (Shamy et al. 2010 ).
PFC neurons
For many years, it was assumed that the decline in PFC-dependent cognition with normal aging was a consequence of neuronal loss, but more recent studies using unbiased stereological techniques have shown that there is no global neuronal loss in monkey neocortex with aging (Peters et al. 1994 (Peters et al. , 1998b Peters and Sethares 2002; Hof et al. 2000) . One exception is area 8a, a prefrontal region associated with working memory, where a 32% decrease in the number of neurons has been observed in aged compared with young monkeys (Smith et al. 2004) . While the number of behaviorally characterized subjects was limited, this decline in neuronal number correlated with impaired working memory performance, as measured by DR accuracy (Smith et al. 2004 ). The total number of neurons in dlPFC area 46, however, does not change with age and fails to correlate with cognitive performance, as measured by DNMS and DRST scores (Peters et al. 1994; Smith et al. 2004) .
PFC neurons are typically arranged in microcolumns. A microcolumn consists of a vertical arrangement of neurons that possess a common set of properties and is thought to constitute a fundamental computational unit of the cerebral cortex (Mountcastle 2003) . In layer III of area 46, microcolumn strength (ratio of microcolumn/total neuronal density) is reduced in aged monkeys, and this decrease correlates with the decline in cognition as measured by DNMS delay accuracy, spatial DRST memory span, and Cognitive Impairment Index (CII; normalized scores of three cognitive tests) (Cruz et al. 2004) . Because total neuronal density in layer III is unaltered with aging, it is likely that subtle neuronal displacements, possibly associated with changes in dendritic and other morphological alterations (discussed below), result in the decreased strength of microcolumns and ultimately contribute to cognitive dysfunction. Other age-related morphological changes in area 46 layer II/III neurons include the accumulation of lipofuscin in the cytoplasm and the emergence of large irregular vacuoles and membranous whorls in the apical dendritic branches (Peters et al. 1994) .
Electrophysiological studies have revealed a decrease in the frequency of spontaneous excitatory glutamatergic postsynaptic current (EPSC) and an increase in the spontaneous inhibitory GABAergic postsynaptic current (IPSC) in area 46 layer II/III pyramidal neurons with aging, though neither of these electrophysiological measures correlate with executive function or memory, as measured by CSST scores and CII (Luebke et al. 2004 ). In contrast, area 46 layers II/III pyramidal neurons of aged monkeys have increased action potential firing rates and input resistance, and these measures exhibit a U-shaped relationship with CII, DNMS acquisition (errors to criterion), DNMS delay accuracy, and spatial DRST memory span (Chang et al. 2005) . These U-shaped relationships suggest that there is an optimal firing rate for normal cognitive function in aged monkeys and rates that are too low or too high are associated with poor behavioral performance (Chang et al. 2005) . In addition, area 46 layer III neurons exhibit increased slow afterhyperpolarization amplitude with age, and the amplitude significantly correlates with DNMS acquisition (errors to criterion) and CII (Luebke and Amatrudo 2010) .
Area 46 layer V neurons show no age effects on basic membrane and repetitive action potential firing properties, but they display significantly decreased single action potential amplitude, duration, and fall time (Luebke and Chang 2007) . In contrast to layer II/ III neurons, none of the electrophysiological signatures of aging among layer V neurons correlate with cognitive performance (Luebke and Chang 2007; Luebke and Amatrudo 2010) . Thus, within PFC area 46, it is the layer II/III corticocortical pyramidal neurons, and not the layer V neurons that contribute to the corticostriatal-thalamic-cortical circuitry, that are thought to be crucial for cognitive capacities vulnerable to the effects of aging (Barbas and Rempel-Clower 1997; Luebke and Chang 2007; Luebke and Amatrudo 2010) .
PFC synapses
Dendritic spines are the major recipients of excitatory input to cortical neurons and are key sites for synaptic plasticity. One of the earliest nonhuman primate studies examining the effects of age on PFC synapses explored area 9. While the Golgi stain method is not entirely reliable for quantitative studies, Cupp and Uemura reported that dendrites of area 9 neurons continue to grow between 7 (young adult) and 20 years old (middle-aged), but very old monkeys (27-28 years old) exhibit significantly shorter dendritic length, fewer numbers of dendritic branches, and lower spine densities (Cupp and Uemura 1980) . Additionally, aged monkeys display lower synapse densities in area 9 compared to young monkeys (Uemura 1980) , although this study was performed before the advent of the unbiased disector method (Sterio 1984) . In contrast, an unbiased stereological study showed maintenance of synaptic density and size in lamina III and V of the human area 9 across a wide age range (20-89 years old; Scheff et al. 2001) .
More recently, dlPFC area 46 has been the primary focus with respect to synaptic changes in the context of aging and cognitive decline. A study employing the unbiased disector method revealed that in layer I of monkey PFC area 46, aging results in a 30-60% decrease in synapse density (Peters et al. 1998a ). This decrease is accompanied by a reduction in the number of apical dendritic branches (Peters et al. 1998a) . Additionally, the loss of synapses in layer I correlates with four measures of cognitive decline: DNMS acquisition, DNMS accuracy score, spatial DRST memory span, and CII (Peters et al. 1998a) . Despite these alterations in dendrites and dendritic spines, unmyelinated axons and axon terminals in layer I show no change with age (Peters et al. 1998a) .
In layers II/III of PFC area 46, there is a marked 30% decrease in synapses from age 5 to 30 years, and both asymmetric (excitatory) and symmetric (inhibitory) synapses are lost at the same rate (Peters et al. 2008) . Strong correlations have been found between layers II/III asymmetric synapse density and cognitive scores including DNMS acquisition and CII (Peters et al. 2008 ). Our group confirmed this age-related decrease in synapse density using unbiased methods and extended these findings by demonstrating an age-related loss of dendritic spines averaging 33% in monkey area 46 layer III pyramidal neurons, combined with a shift in the spine size distribution toward larger spines ( Fig. 2 ; Dumitriu et al. 2010) . Additionally, faster DNMS acquisition is strongly correlated with higher axospinous synapse density, increased thin spine density (Fig. 2) , and smaller volume of thin spines on area 46 layer III neurons (Dumitriu et al. 2010) . In fact, the average size of these thin spines showed the tightest correlation with DNMS acquisition (Dumitriu et al. 2010) . Thus, in area 46, the class of spines selectively vulnerable to aging and essential for acquiring the nonmatching rule of the task appears to be the smallest of the thin spines, characterized by high motility, plasticity, and turnover rate (Kasai et al. 2003; Hao et al. 2007; Dumitriu et al. 2010) .
Also in monkey area 46 layers II/III, axon terminals forming axosomatic and axodendritic synapses become larger with age (Soghomonian et al. 2010) . In axosomatic axon terminals, the number of synaptic vesicles increases with age and correlates with cognitive impairment as measured by CII (Soghomonian et al. 2010) . Thus, enhanced axosomatic GABAergic input to pyramidal neurons in the aged monkey area 46 may be another neuronal mechanism contributing to decreased cognitive performance.
In layer V of area 46, there is an age-related decrease in synapses by 20%, and this loss is due entirely to a loss of asymmetric synapses (Peters et al. 2008) . In contrast to findings in layers II/III, synapse density in layer V is not correlated with cognitive measures in monkeys (Peters et al. 2008 ).
Age-related synaptic change in monkeys is not limited to the PFC region. Studies examining the effects of aging on dendritic trees and spines of layer III pyramidal neurons forming long corticocortical projec- Fig. 2 Synaptic correlates of cognitive decline in the monkey dorsolateral prefrontal cortex area 46 and hippocampal dentate gyrus (DG). a, b In area 46 layer III neurons, aging results in decreased synapse density (a; p=0.003) and a shift in the distribution of dendritic spine size (spine head diameter) toward larger spines (b; p<0.001). c Delayed nonmatching-tosample (DNMS) task acquisition (trials to criterion) inversely correlates with area 46 thin spine density (r=−0.69; p=0.04). d An electron micrograph of a thin spine in area 46. The spine (sp) and dendrite (den) are shaded in yellow, while the axon terminal is shaded in green. The black arrow indicates the postsynaptic density (PSD). e-g In the DG outer molecular layer, no age effects are seen in axospinous synapse density (e) or size as measured by PSD length (f), but the density of large mushroom spines with perforated synapses correlates with DNMS memory performance (g; r=0.49; p=0.04). h An electron micrograph of a mushroom spine with a perforated synapse in the DG. The perforation on the PSD is indicated with a red arrowhead. For d and h, the scale bar is 1 μm. Data adapted from Dumitriu et al. (2010) and Hara et al. (2010) tions from the superior temporal cortex to area 46, for example, have reported a 31% decrease in apical dendritic length, a 43% loss of spines from apical dendrites, and a 27% loss of spines from the basal dendrites (Duan et al. 2003; Kabaso et al. 2009 ). In layer I of area 17 primary visual cortex, there is also an age-related decrease in synapse density as determined using unbiased methods, but the loss of synapses does not correlate with cognitive impairment (Peters et al. 2001) . Together, multiple lines of evidence point to the importance of changes in PFC for cognitive aging.
Hippocampus and related cortical regions: relationships with aging and cognitive decline
Gross anatomy of hippocampal and related cortical regions
Patients with medial temporal lobe lesions exhibit severe memory impairment (Corkin 1984; ZolaMorgan et al. 1986 ). Moreover, the pattern of memory deficits observed in aged monkeys resembles that of monkeys with medial temporal lobe damage (Rapp and Amaral 1991) . These findings have led to many studies in search of structures selectively vulnerable to agerelated decline. Particularly, the hippocampus and adjacent cortical areas have been extensively explored.
During normal aging, the volume of the hippocampus (total or any of its subfields) remains stable in rhesus monkeys (Peters et al. 1996; Calhoun et al. 2004; Shamy et al. 2006 Shamy et al. , 2010 Makris et al. 2010) . This is in contrast to a substantial number of MRI studies reporting a reliable age-related decline in hippocampal volume in healthy humans (Kaye et al. 1997; Mueller et al. 1998; Tisserand et al. 2000; Raz et al. 2004; Walhovd et al. 2009 ). While total hippocampal volume is unaltered with age in rhesus monkeys, it correlates with DR acquisition and average accuracy (Shamy et al. 2010) , consistent with literature suggesting that the hippocampus modulates working memory (Friedman and Goldman-Rakic 1988; Eberling et al. 1997) .
One of the most vulnerable circuits in normal aging is the perforant path, which originates in layer II of the entorhinal cortex (EC) and terminates in the outer molecular layer (OML) of the DG in rhesus monkeys (Witter et al. 1989; Morrison and Hof 1997; Yassa et al. 2010) . The EC receives a convergence of inputs from the polysensory associational regions of the cortex and funnels the highly processed neocortical information to the DG . The DG is particularly vulnerable to normal aging, and energy metabolism in the DG, but not EC, CA1, or subiculum, is correlated with DNMS accuracy scores (Small et al. 2004 ).
Neurons of the hippocampus and related cortical regions
When unbiased stereological methods are applied, there are no age-dependent differences in neuronal number or density in the subiculum, CA1, CA2, CA3, DG, and EC in rhesus monkeys Amaral 1993; Rapp 1995; Peters et al. 1996; Gazzaley et al. 1997; Merrill et al. 2000; Keuker et al. 2003) . Although based on a small number of monkeys, there is no evidence for a relationship between DNMS scores and neuronal numbers in these regions Rapp 1995) .
In humans, however, some studies have shown changes in neuronal numbers with age. Using stereological techniques, West (1993) examined the hippocampus of 32 male human subjects spanning 13 to 85 years old and reported an age-related loss of neurons in the DG hilus and the subiculum. Simic et al. (1997) performed a similar quantitative analysis in 18 human subjects (16-99 years old) and found an age-associated decrease in the subiculum and CA1 neuronal numbers. In human aging studies, however, there is potential inclusion of undiagnosed Alzheimer's disease patients. Even in very mild stages of Alzheimer's disease, neurons are lost from the EC (35% overall, 50% in layer II) and CA1 (46%), while no significant decrease in neuronal number is observed in healthy nondemented aged individuals . There is no convincing evidence for a significant loss of neurons from the human hippocampus during the normal, nonpathological, aging process (Peters et al. 1996) .
Although there is no overt age-related loss of neurons in the monkey hippocampus, aged monkeys have fewer proliferating cells in the DG subgranular zone, and these cells also exhibit shorter and irregularly oriented dendritic processes (Aizawa et al. 2009 (Aizawa et al. , 2011 . These studies suggest that aged monkeys have attenuated hippocampal neurogenesis (Aizawa et al. 2009 ), possibly due to decreased survival of immature neurons (Aizawa et al. 2011) . Additionally, preliminary findings point to a potential relationship between the number of proliferating cells in the subgranular zone and learning capacity (Aizawa et al. 2009 ).
DG granule cells of aged monkeys have reduced vertical dendritic extents and distal dendritic branching and increased proximal dendritic branching, input resistance, and IPSC decay time constant compared to young monkeys (Luebke and Rosene 2003) . However, none of these morphological and electrophysiological measures that change with aging correlate with DNMS delay performance or CII (Luebke and Rosene 2003) .
Hippocampal synapses
The DG molecular layer consists of the OML and the inner molecular layer (IML), which receive perforant path input from the EC (Witter et al. 1989 ) and intrinsic projections from the DG hilus (Kondo et al. 2008) , respectively. In contrast to the age-related changes observed in dlPFC synapses (Peters et al. 2008; Dumitriu et al. 2010) , axospinous synapse density, as measured by the disector method, and postsynaptic density (PSD) length in the monkey DG OML (Fig. 2) and IML are unchanged with aging and fail to correlate with DNMS acquisition or accuracy Hara et al. 2010) . Aged monkeys do exhibit lower axodendritic synapse density in the OML, but because axospinous synapses predominate in the DG molecular layer, this age-related decrease constitutes a mere 3% reduction in total synapses (Tigges et al. 1995) .
Perforated synapses, morphologically characterized by a discontinuity in the PSD, are large, stable synapses implicated in memory-related plasticity and are proposed to be a structural correlate of enhanced synaptic efficacy (Peters and Kaiserman-Abramof 1969; Greenough et al. 1978; Geinisman et al. 1986 Geinisman et al. , 1991 Toni et al. 2001) . While perforated synapse density is unaltered with normal aging in the monkey OML and IML, OML perforated synapse density correlates with recognition accuracy on the delay portion of DNMS ( Fig. 2 ; Hara et al. 2010) . Unlike in dlPFC, where the highly plastic thin spines are most tightly linked to variability in cognitive function, large stable perforated synapses appear to be the key morphological correlate of memory capacity in the DG (Fig. 2) .
Because no age-related changes were observed in the DG postsynaptic dendritic spines, we sought to determine whether synaptic characteristics of OML axonal boutons are coupled to age (Hara et al. 2011) . The frequencies of single-synapse boutons, multiplesynapse boutons (MSBs), and boutons with no apparent synaptic contacts (nonsynaptic boutons, NSBs) in the OML were determined using serial section electron microscopy. MSBs are presynaptic boutons synaptically connected to more than one dendritic spine and potentially act as a morphological substrate to increase coupling between presynaptic and postsynaptic neurons (Harris 1995; Toni et al. 1999; Geinisman et al. 2001; Yankova et al. 2001) . MSBs are implicated in structural plasticity and hippocampus-dependent associative learning Toni et al. 1999; Geinisman et al. 2001 ). While there are no age effects on bouton density or average size in the DG OML, the proportion of NSBs is doubled in aged compared to young monkeys (Hara et al. 2011) , suggesting that aging results in a lower turnover or higher retraction of spines, leading to a greater proportion of boutons that fail to make or maintain a synaptic contact. Most notably, the proportions of NSBs correlate with both DNMS acquisition and delay accuracy such that individuals with high NSBs are slow to learn the task initially and they exhibit worse memory (Hara et al. 2011) . Aged monkeys also display a lower frequency of MSBs and fewer synaptic contacts per MSB. Indeed, the latter parameter inversely correlates with DNMS acquisition rates (trials to criterion) (Hara et al. 2011 ). Together, these observations suggest that increased NSB density in the OML interferes with both task acquisition and memory, while boutons with many synaptic contacts facilitate learning.
The subiculum is the only other hippocampal brain region where synaptic changes in the context of normal aging have been examined in monkeys. Apical dendrites continue to grow between 7 (young adult) and 20 years old (middle-aged), but very old monkeys (27-28 years old) exhibit markedly shorter dendritic length and branches in both apical and basal dendrites (Uemura 1985a) . Although no reliable difference has been detected from young adulthood to middle age, subiculum pyramidal neurons in old subjects display significantly lower spine and synapse density compared to those of young (by 19%) and middle-aged (by 13%) rhesus monkeys (Uemura 1985b ).
Molecular markers and mechanisms of aging
Glutamate
Glutamate is the major excitatory neurotransmitter in cortical and hippocampal synapses, and glutamate receptors are key determinants of synaptic strength and plasticity (Nusser et al. 1998; Heynen et al. 2000; Kessels and Malinow 2009) . Glutamate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors are the primary mediators of fast excitatory transmission, while N-methyl-D-aspartate (NMDA) receptors play a pivotal role in synaptic plasticity and synaptogenesis (Bliss and Collingridge 1993; Woolley and McEwen 1994; Kessels and Malinow 2009) . Both AMPA and NMDA receptors undergo dynamic trafficking into and out of the synapse in a tightly regulated and activity-dependent manner (Carroll and Zukin 2002; Groc and Choquet 2006; Kessels and Malinow 2009) . Thus, there is considerable interest in the effects of normal aging on glutamate receptor profiles.
Compared to young adults, aged monkeys exhibit a significant decrease in the expression of the essential NR1 subunit of the NMDA receptor (by 30%), selectively in the DG OML (Gazzaley et al. 1996) , where the perforant path input terminates (Witter et al. 1989 ). In contrast, no age-related changes in the AMPA receptor GluR2/3 subunits or kainate receptor GluR5/6/7 subunits are observed in the monkey DG molecular layer (Gazzaley et al. 1996) . Because the number of EC layer II neurons remains unaltered with aging (Gazzaley et al. 1997) , the selective decrease in OML NR1 expression is unlikely to be a consequence of perforant path degeneration, but instead may represent a molecular mechanism of aging (Gazzaley et al. 1996 ).
An in situ hybridization study showed that mRNA for the NR2B subunit of NMDA receptor is decreased with age in the monkey PFC, but not in the subiculum, CA1, CA3, CA4, DG, or the parahippocampal gyrus (Bai et al. 2004 ). However, a trend for an age-related decrease in NR2B expression exists in the DG granule cell layer and CA3 pyramidal cell layer (Bai et al. 2004) .
Aging results in a significant reduction of GluR2 and NR1 expression on neurons that project to area 46 (from the superior temporal sulcus, area 7a, and the contralateral area 46) in monkeys (Hof et al. 2002) .
Additionally, GluR2 expression on corticocortical neurons within area 46 is also decreased with age in monkeys (Hof et al. 2002) . Despite these age-related changes in glutamate receptor subunits, none of them have been studied in behaviorally characterized monkeys, which will be fruitful avenues of research.
Monoamines
Monoamine neurotransmitter systems have complex and complementary roles in the cognitive functions associated with area 46. Area 46 receives dopaminergic fibers from the ventral tegmental area, noradrenergic fibers from the locus coeruleus, and serotonergic fibers from the dorsal raphe nucleus (Porrino and Goldman-Rakic 1982) .
Dopamine
Monkeys lose about 56% of dopamine from age 2 to 18 in the PFC, including area 46 (GoldmanRakic and Brown 1981). Reductions in dopamine can have grave consequences for cognitive function as dopamine depletion in area 46 produces a profound impairment in working memory (Brozoski et al. 1979) . Dopamine exerts its effect on working memory through actions at the dopamine D1 receptor (D1R) family. D1R agonists rescue DR performance in aged monkeys with naturally low catecholamines (dopamine and norepinephrine) and also in young monkeys with surgically-depleted catecholamines (Arnsten et al. 1994) . At the cellular level, D1R agonists exhibit an inverted U-shaped dose response influence on area 46 neurons such that moderate levels enhance spatial tuning in DR by suppressing responses to nonpreferred directions (reducing "noise"), whereas high levels reduce delay-related firing for all directions (Arnsten 2006; Vijayraghavan et al. 2007) .
While the D1R family is critically involved in working memory, the D2/D3 receptors have been implicated in RL. In vervet monkeys, blockade of D2/ D3 receptors, but not the D1/D5 receptors, increases the number of errors and trials required to reach criterion in a visual RL task (Lee et al. 2007) .
Although an autoradiographic receptor binding study showed that densities of D1R and dopamine transporter are unaltered with age in monkey area 46, D1R binding in PFC positively correlates with object DRST memory span (Moore et al. 2005) . Additionally, a significant inverse correlation is seen between dopamine transporter density in the monkey PFC and DNMS acquisition (errors to criterion) (Moore et al. 2005) . These relationships are consistent with the critical roles of dopamine in PFC-dependent cognitive tasks. No age-related changes in monoamine content (dopamine, norepinephrine, and serotonin) are observed in the monkey hippocampus (GoldmanRakic and Brown 1981) , suggesting that the role of monoamines in cognition may be more prominent in the PFC than in the hippocampus.
Norepinephrine
Cognitive functions subserved by the PFC are thought to be modulated in part by norepinephrine, which is implicated in reducing interference and improving attention during cognitive tasks (Arnsten and Contant 1992; Arnsten et al. 1998; Arnsten 2006) . Norepinephrine exerts its influence on cognition through actions at α1-(α1-AR) and α2-adrenergic receptors (α2-AR), which impair and improve working memory, respectively (Arnsten et al. 1998; Arnsten 2006) .
The α2-AR agonist, clonidine, improves DR performance in surgically intact aged monkeys with naturally occurring decline in norepinephrine as well as in young monkeys with experimentally induced norepinephrine depletion within the principal sulcus (including area 46) (Arnsten and Goldman-Rakic 1985) . Clonidine's potency in restoring DR performance in young monkeys with norepinephrine depletion is directly related to the degree of depletion in this region (Arnsten and Goldman-Rakic 1985) . Clonidine fails to rescue DR performance in monkeys with principal sulcus ablations, suggesting that the dlPFC is one of the key sites of action for the cognitive-enhancing effects of α2-AR agonists (Arnsten and Goldman-Rakic 1985) . At the cellular level, stimulation of α2-AR in area 46 increases firing of spatially-tuned neurons during the delay period of DR, hence increasing "signals" in the PFC (Li et al. 1999; Arnsten 2006) . Activation of α2-AR also significantly improves object discrimination RL (Steere and Arnsten 1997) and modestly improves DNMS performance (Arnsten and Goldman-Rakic 1990) in aged rhesus monkeys.
Catecholamine biosynthesis, as measured by L-DOPA, is reduced by more than 60% in the PFC of aged rhesus monkeys (Goldman-Rakic and Brown 1981) . Autoradiographic receptor binding studies have shown that in the superficial layers (I-III) of monkey area 46, α1-and α2-AR binding decreases with age, whereas densities of β-AR and norepinephrine transporter are unchanged (Bigham and Lidow 1995; Moore et al. 2005) . The density of α1-AR binding in the monkey PFC correlates with DNMS acquisition impairment (errors to criterion) and perseverative responding on CSST (Moore et al. 2005 ). Significant inverse correlations are also observed between α2-AR binding density and total and perseverative errors on CSST (Moore et al. 2005) , consistent with a procognitive benefit of α2-AR activation (Arnsten and Goldman-Rakic 1985) . While converging evidence suggests that norepinephrine improves cognitive function through actions at postsynaptic α2-ARs (Aoki et al. 1998; Arnsten and Li 2005) , the critical synaptic subtypes involved have yet to be determined.
Serotonin
Serotonin (5-HT) dysregulation in the PFC is implicated in cognitive inflexibility. In marmosets, 5-HT depletion within the orbitofrontal cortex produces increased perseverative responding in a serial discrimination RL paradigm (Clarke et al. 2004 (Clarke et al. , 2007 , while leaving set-shifting abilities intact (Clarke et al. 2005) . In contrast to the marked effect of dopamine, 5-HT depletion in area 46 has no effect on working memory in monkeys (Brozoski et al. 1979) .
While age-related reductions in 5-HT have been observed in the PFC frontal pole (Wenk et al. 1989) , the motor cortex (Goldman-Rakic and Brown 1981), and the occipital pole (Beal et al. 1991) , no significant age effects are seen in the PFC (as a whole), the temporal cortex, or the hippocampus of rhesus monkeys (Goldman-Rakic and Brown 1981). With age, 5-HT 1 receptor binding density decreases in monkey somatosensory cortex (area 1), but not in area 46, area 4 (motor cortex), or area 17 (visual cortex) (Bigham and Lidow 1995) . In addition, 5-HT 2 receptor binding sites decrease with age in the frontal pole and motor, parietal, and occipital cortices (Wenk et al. 1989; Bigham and Lidow 1995) . At very old ages (28-37 years old), a trend for a reduction in 5-HT 2 receptor binding density is also seen in the monkey dlPFC (Wenk et al. 1989 ). More research is needed to understand whether age-related changes in the 5-HT system are associated with cognitive decline or occur independently from it.
Acetylcholine
The basal forebrain cholinergic system has been widely explored in aging and Alzheimer's disease studies. One of the earliest monkey studies assessing age effects on the cholinergic system examined the levels of choline acetyl-transferase (ChAT; the ratelimiting enzyme for acetylcholine synthesis) in cortical regions. While ChAT levels are stable across age in most cortical areas, an age-related reduction is observed in the PFC frontal pole (Wenk et al. 1989) .
The nucleus basalis of Meynert in the basal forebrain is the major source of cholinergic input to the cerebral cortex (Mesulam et al. 1983; Saper 1984) . Nucleus basalis cholinergic neurons increase in size with age in rhesus monkeys (Voytko et al. 1995) . Additionally, aging results in a 50% decrease in the number of cholinergic neurons in the intermediate nucleus basalis (which projects to area 8a among other regions) and a 23% decrease in the cholinergic axon density within area 8a (Mesulam et al. 1983; Smith et al. 2004) . Controlling for age, DR delay performance correlates with cholinergic neuronal number in this region of the nucleus basalis (Voytko et al. 1995) . Conversely, no age effects are evident in the number of anterior nucleus basalis cholinergic neurons (that innervate area 46 among other regions) or in the cholinergic axon density within area 46 (Smith et al. 2004) .
The neurons in the medial septal nucleus provide the major cholinergic input to the hippocampal formation (Mesulam et al. 1983) . In aged monkeys, there is a significant loss of these cholinergic neurons, especially in the caudal region where the loss amounts to 41% (Stroessner-Johnson et al. 1992) . The degree of neuronal loss, however, is similar between aged subjects impaired on the DNMS test and those that are not (StroessnerJohnson et al. 1992) . In contrast, rostral levels of the medial septal nucleus show minimal neuronal loss, but the mean size of cholinergic neurons is significantly larger in aged subjects with impaired DNMS performance compared to young and aged unimpaired monkeys (Stroessner-Johnson et al. 1992) .
More recently, vesicular acetylcholine transporter immunolabeling and an unbiased stereological technique were used to estimate total cholinergic fiber length in hippocampal subregions of behaviorally characterized young and aged rhesus monkeys (Calhoun et al. 2004 ). In the DG, CA2/3, and CA1, the length of cholinergic fibers decreases with age, but this age-related decline does not correlate with recognition memory deficits as measured by DNMS scores (Calhoun et al. 2004 ). Despite converging evidence for age-dependent vulnerability of the cholinergic system, the decline in hippocampal cholinergic innervation is not sufficient to account for DNMS impairment (Calhoun et al. 2004 ). Thus, the functional and cognitive consequences of these morphological changes remain to be defined.
Estrogen
Women undergoing the menopausal transition report worsening of memory. It is becoming increasingly evident that there is a strong interaction between agerelated cognitive decline and endocrine changes (Hao et al. 2007; Henderson 2008) . Female macaque monkeys are valuable models of menopause because they share many reproductive and endocrine features with women and also undergo menopause in a similar manner to women Walker and Herndon 2008) .
Interestingly, the menopause-related cognitive impairment seen in women is also evident in female nonhuman primates. For example, peri-/post-menopausal female monkeys show significant impairments in DR and DNMS performance compared to premenopausal monkeys after accounting for the effect of age Hara et al. 2010) .
While cognitive deficits associated with menopause in women are multifactorial in origin, estrogen deficiency is thought to be one of the culprits. Some of these effects are attenuated by hormone replacement therapy in nonhuman primate models of menopause. For example, in aged ovariectomized female monkeys, cyclic estradiol replacement consisting of a single injection every 3 weeks (closely mimicking the natural fluctuations of estrogen in Spontaneous IPSC frequency ↑ Not significant (DNMS, DRST, CII, CSST) Luebke et al. 2004 premenopausal monkeys) reverses the age-related impairment in DR and modestly improves DNMS scores (Rapp et al. 2003) . Estrogen replacement also improves CSST performance in middle-aged ovariectomized monkeys (Voytko et al. 2009 ). Improvements in cognitive function with cyclic estradiol treatment occur concomitantly with alterations in area 46 neuronal morphology. We have examined the effect of estrogen on area 46 pyramidal neurons in a cohort of young and aged ovariectomized female monkeys receiving cyclic estradiol or vehicle treatments (Hao et al. 2007 ). In the DR test, young monkeys receiving estradiol or vehicle and aged monkeys receiving estradiol perform equally well (Hao et al. 2007 ). Reconstructions of pyramidal neurons in PFC area 46 showed that estradiol increases the density of the highly plastic and motile small spines in both young and aged monkeys (Hao et al. 2007 ). Although young vehicle-treated monkeys exhibit lower spine density, their dendritic length and branch numbers are increased such that the total number of spines per neuron is equivalent to the young estradiol-treated group (Hao et al. 2007 ). This dendritic expansion may be a compensatory mechanism that protects cognitive function in young monkeys deprived of estrogen. In contrast, only vehicle-treated aged monkeys exhibit significant DR impairment, and this deficit occurs concomitantly with a significant decrease in area 46 layer III spine density in the absence of a compensatory extension of dendrites (Hao et al. 2007) .
We have begun to probe the molecular mechanisms underlying the beneficial effects of estrogen on cognition in aged monkeys. The synaptic distribution of estrogen receptor α (ERα) in area 46 has been examined with electron microscopy in the same behaviorally characterized young and aged ovariectomized monkeys (Wang et al. 2010) . While ERα levels AHP afterhyperpolarization, ACC anterior cingulate cortex, AP action potential, ChAT choline acetyl-transferase, CII Cognitive Impairment Index, CSST conceptual set-shifting task, dlPFC dorsolateral prefrontal cortex, DNMS delayed nonmatching-to-sample, DR delayed response, DRST delayed recognition span test, EPSC excitatory postsynaptic current, IFG inferior frontal gyrus, IPSC inhibitory postsynaptic current, PFC prefrontal cortex, R receptor, RL reversal learning, SFG superior frontal gyrus, vmPFC ventromedial prefrontal cortex Table 2 Anatomical, neuronal, synaptic, and molecular parameters in the monkey hippocampus and related cortical regions in the context of chronological and cognitive aging remain stable across age and hormone treatment groups, the abundance of ERα within the PSD correlates with DR delay performance exclusively in aged monkeys receiving cyclic estradiol (Wang et al. 2010) . Hence, the cognitive benefits observed in aged monkeys with estradiol may be mediated by the activation of ERα in a synaptic domain coupled to signaling cascades involved in spine/synapse formation and stabilization (Spencer et al. 2008 ).
Plaques and Tangles
Aged monkeys do not express the full histopathological profile characteristic of Alzheimer's disease. For example, neurofibrillary tangles do not occur in the aged monkey neocortex (Kimura et al. 2003) . Although amyloid plaques are frequently observed, in contrast to Alzheimer's disease, the ratio of amyloid β peptide 40 and 42 in the aged monkeys favors the shorter, less pathogenic form (Gearing et al. 1996) . While the accumulation of amyloid β plaques increases after age 25 in rhesus monkeys, the plaque content does not correlate with cognitive dysfunction, as measured by a standardized score derived from DNMS, spatial/color DRST, and spatial/object RL (Sloane et al. 1997) . The number of amyloid β plaques also fails to correlate with DR performance (Cork 1993) . Therefore, aged monkeys provide a valuable model for normal aging devoid of these signatures of Alzheimer's disease that reflect pathological aging.
Conclusions
The anatomical, neuronal, synaptic, and molecular findings in the context of aging and/or cognitive decline in the monkey PFC and hippocampus are summarized, respectively, in Tables 1 and 2 . While the number of subjects available for analysis is typically limited in nonhuman primate studies and the presence or lack of correlations should be interpreted with caution, the findings provide important clues for identifying the mechanisms involved in age-related cognitive decline. Some parameters are altered with aging, but are not associated with cognitive decline. For example in area 46, aging leads to a decreased number of dendritic profiles, increased axon terminal size, reduced action potential amplitude, and changes in spontaneous EPSC and IPSC frequencies. Other measures remain stable with aging but correlate with behavioral scores. These include cortical volumes (PFC, SFG, IFG, and vmPFC), hippocampal volume and metabolism, and densities of D1R and dopamine transporter in area 46. Perhaps the most intriguing are parameters that are coupled to both chronological and cognitive aging. Some examples of these within area 46 include the total volume, microcolumn strength, synapse density, action potential firing rate, input resistance, and α1-and α2-adrenergic receptor binding densities. Examples from other brain regions include ACC volume, DG metabolism, and the frequency of NSBs in the DG.
Importantly, the critical synaptic subtypes coupled to cognitive decline appear to be different across brain regions and dependent on the types of cognitive function. For example, the dendritic spine subtype most tightly coupled to rule learning in the DNMS task and vulnerable to aging in the dlPFC area 46 is the thin spine, whereas in the DG, the density of large mushroom spines with perforated synapses correlates with DNMS memory performance (Dumitriu et al. 2010; Hara et al. 2010) . CPI Cognitive Performance Index, DG dentate gyrus, DNMS delayed nonmatching-to-sample, DR delayed response, EC entorhinal cortex, IML inner molecular layer, IPSC inhibitory postsynaptic current, OML outer molecular layer, PSD postsynaptic density, SGZ subgranular zone
These findings are consistent with observations that scores across multiple cognitive tests do not correlate with one another (Lai et al. 1995) , suggesting that different cognitive domains age independently, mediated by distinct mechanisms. Molecular targets explored thus far in the context of aging and cognition in monkeys have been studied primarily in light microscopy and autoradiography with little or no subcellular resolution. Electron microscopic studies on synaptic distributions of proteins in behaviorally characterized monkeys are underway and should help elucidate the molecular mechanisms underlying age-related cognitive decline.
